ABSTRACT
Introduction
Vitamin D increases intestinal absorption of calcium for bone mineralization. The 1,25-dihydroxyvitamin D (1,25 (OH) 2 D), an active form of vitamin D, acts as a steroid hormone by binding to the vitamin D receptor (VDR), which is present on many cells, including cardiomyocytes [1] , vascular smooth muscle cells [2] , and endothelial cells [3] . Selective VDR activation in many tissues explains the autocrine and paracrine actions of vitamin D, including its actions on the cardiovascular system [4] . A recent study demonstrated that vitamin D deficiency increased the risk of incident cardiovascular disease in a general healthcare population [5] . However, although the mechanism by which vitamin D might protect against cardiovascular disease has not been fully elucidated, Several mechanisms have been proposed, including negative regulation of the renin-angiotensin-aldosterone system (RAAS) and improving vascular compliance [6] . The purpose of this article is to review the clinical evidence for a role of vitamin D on the cardiovascular system.
Vitamin D Metabolism
Vitamin D is initially generated in the skin by non-enzymatic conversion of provitamin D 3 to previtamin D 3 during exposure to sunlight in response to ultraviolet radiation. In the liver vitamin D is converted to 25-hydroxyvitamin D (25(OH)D), a partially water-soluble form that has a shorter half-life than 1,25(OH) 2 D and circulates bound to vitamin D-binding protein. About 40% to 50% of circulating 25(OH)D is derived from skin conversion [7] . The active form of vitamin D is 1,25(OH) 2 D, which is primarily generated in the kidney, and only renal 1α-hydroxylase significantly contributes to circulating 1,25(OH) 2 D levels. 1,25(OH) 2 D circulates in lower concentrations than 25(OH)D, but it has much greater affinity for the VDR and is more potent biologically.
The serum 25(OH)D level is the best indicator of overall vitamin D status, because it reflects total vitamin D from dietary intake, sunlight exposure, and conversion of vitamin D from adipose stores in the liver [8] . Vitamin D status is better determined by measuring serum 25(OH)D than 1,25(OH) 2 D, including 1) its long circulating half life (~3 weeks versus ~8 hours); 2) its higher concentration in the circulation; and 3) 1,25(OH) 2 D production is mainly under the regulation of parathyroid hormone (PTH), which regulates serum calcium levels. Accordingly, serum 1,25(OH) 2 D levels may be increased in vitamin D deficiency to maintain normal serum calcium levels. Thus, serum 25(OH)D is considered an important biomarker for evaluating vitamin D status, as a mediator of cardiovascular disease.
Definition and Epidemiology of Vitamin D Deficiency
The definition of a low or deficient serum 25(OH)D level depends on the definition of the normal range. The World Health Organization previously considered a serum level below 10 ng/ml to be deficient and a level below 20 ng/ml as insufficient [9] . However, because of recent changes in laboratory reference ranges, the normal range is now typically defined as 30 ng/ml to 76 ng/ml, suggesting that vitamin D deficiency as serum 25(OH)D levels of <20 ng/ml with normal levels > 30 ng/ml as desired ( Table 1) . Older persons are prone to develop low vitamin D concentrations, and one possible mechanism to explain their low levels is the reduced capacity of the skin of elderly persons to produce vitamin D, which is unlikely to be compensated by dietary vitamin D intake in the elderly. When that range is used as the normal level, the estimated prevalence of vitamin D deficiency in the general population is as high as 50% to 80% [10, 11] .
Independent of the cut-off value for determining vitamin D deficiency, low serum 25(OH)D levels are common in older persons, particularly in women. The low levels are associated with the several factors linked to advanced age, such as impaired insufficient exposure to sunlight, and poor dietary vitamin D intake, as well as to chronic diseases and drug therapy [12] . Even though vitamin D deficiency was previously reported to be prevalent at higher latitudes, older Southern Europeans are at significant risk of developing vitamin D deficiency [13] . Vitamin D deficiency was particularly common during the winter and spring and in the oldest and more obese subjects. In fact, 86% of these subjects with multiple risk factors were vitamin D deficient [14] .
Serum Vitamin D Levels in Men and Women
The age-related decline in serum 25(OH)D levels in men and women may not be explained by differences in hormonal condition between the two sexes. Estrogens may modulate renal 1α-hydroxylase activity [15] , whereas 17-estradiol is not recognized as a modulator of vitamin D [16] .
The results of the InCHIANTI study concerned about the effect of age on the PTH-25(OH)D synthesis [15] . In general, older persons require higher serum 25(OH)D levels to offset age-associated hyperparathyroidism, which causes bone loss and increases the risk of osteoporosis. Although the precise mechanisms explaining age-related hyperparathyroidism remain unclear, age-related changes in renal function in association with the decrease in production of 1,25(OH) 2 
Relation of Vitamin D to Cardiovascular Disease
Several studies have shown that vitamin D deficiency is a predictor of all-cause and cardiovascular mortality in the general population ( [16] . In the most recent NHANES 2000-2004 survey, vitamin D deficiency (25(OH)D < 20 ng/mL) was found to be associated with increased prevalence of coronary heart disease, heart failure, and peripheral arterial disease [17] . Several cardiovascular risk factors, including hypertension, diabetes, higher body mass index (>30), elevated triglyceride level, and microalbuminuria, were found to be associated with lower vitamin D status in the NHANES 1988-1994 [18, 19] . The prevalence of peripheral arterial disease was found to be higher in the subjects in the lowest quartile in regard to 25(OH)D values than in the subjects in the highest quartile [20] . In the NHANES 1988-1994, non-hypertensive individuals who had optimal vitamin D status (>32 ng/mL), showed a 20% reduction in the rate of blood pressure rise with age [21] . In contrast, cross-sectional studies from Germany [22] and the Netherlands [23] [24] . There was a trend towards [25] [26] [27] . This hypothesis is further supported by the ability of vitamin D to suppress the RAAS [28] . Vitamin D deficiency predisposes to up-regulation of the RAAS and hypertrophy of both the left ventricle and vascular smooth muscle cells [29, 30] . Furthermore, there is accumulating evidence that vitamin D deficiency contributes to myocardial dysfunction and arterial hypertension through an increase in PTH that directly causes an increase in blood pressure and increase in cardiac contractility [31] .
Low serum 25(OH)D levels have been shown to be an independent risk factor for all-cause and cardiovascular mortality in a large cohort of patients referred for coronary angiography [32] . This finding is consistent with the results of a recent meta-analysis in which a significant reduction of all-cause mortality was reported for persons receiving vitamin D supplementation [33] . The relationship between low serum 25(OH)D levels and all-cause mortality was also addressed by the Longitudinal Aging Study Amsterdam (LASA), which was conducted on 1260 persons 65 year of age or older at baseline, and the results showed that low vitamin D status was a significant predictor of mortality after adjustments for possible confounders [34] .
Artaza et al. reviewed the relationship between vitamin D and cardiovascular disease [35] . There is growing evidence that low serum 25(OH)D levels contribute to heart failure. Lower serum 25(OH) levels in older persons are associated with a greater risk of future nursing home admission, and they may be associated with higher mortality [36] . Low serum 25(OH)D levels have been found to be associated with higher risk of myocardial infarction, even after controlling for factors known to be associated with coronary artery disease [37] . In addition, carotid intima-media thickness was found to be inversely and independently correlated with serum 25(OH)D levels [38] , and recent data from NHANES-III showed that low serum 25(OH)D concentrations are associated with a higher prevalence of peripheral artery disease [24] . Moreover, the results of the Framingham Offspring Study showed that patients with 25(OH)D levels below 15 ng/mL are at increased risk of incident cardiovascular events, even after adjustments for common cardiovascular risk factors [6] .
Treatment with Vitamin D and Risk of Cardiovascular Disease
Three options are commonly used to treat vitamin D deficiency: exposure to sunlight, exposure to artificial ultraviolet light, and oral vitamin D supplementation. Fullbody exposure for 10-15 min to summer noon-day sun or artificial ultraviolet radiation will result in input of more than 10,000 IU of vitamin D into the systemic circulation of most light-skinned adults. One or two such exposures per week should maintain 25(OH) D levels in the ideal range. Krause et al. randomized 18 hypertensive patients to two groups that were performed by skin exposure to ultraviolet A and B, and demonstrated that systolic and diastolic blood pressure significantly decreased after 6 weeks of therapy in the ultraviolet B group, suggesting that vitamin D synthesis in the skin lowered blood pressure [39] . A randomized controlled trial conducted in elderly German women demonstrated that modest doses of vitamin D (400 IU) plus calcium given orally over an 8-week period significantly reduced their systolic blood pressure by 9% [40] . However, studies conducted on elderly subjects in Denmark [41] , in Taiwan [42] , and in the UK [43] Very few studies have evaluated the effect of vitamin D supplementation on risk of cardiovascular mortality. Two studies have prospectively investigated the effect of vitamin D supplementation on cardiovascular mortality. In the European study, elderly individuals receiving a daily equivalent dose of 800 IU of vitamin D were not found to have better cardiovascular survival than controls [45] . The WHI found no difference in all-cause or cardiovascular mortality between women randomized to vitamin D 400 IU daily and 1000 mg of calcium [46] . The results of the Accelerated Mortality on Renal Replacement (ArMORR) prospective, cross-sectional study of 1,25(OH) 2 D and 25(OH)D deficiencies in incident hemodialysis patients supported the association between reduced mortality risk following the introduction of VDR agonist therapy when given in conjunction with dialysis [47] . When compared with patients with the highest serum 25(OH)D levels or 1,25(OH) 2 D deficient patients showed significantly higher risk of early cardiovascular mortality by multivariate-adjusted analysis. A recent meta-analysis of 17 prospective and randomized trials that examined the relationship between vitamin D supplementation, calcium supplementation, or both and subsequent cardiovascular events demonstrated that 5 prospective studies of hemodialysis patients and 1 study of a general population showed consistent reductions in cardiovascular mortality among adults who received vitamin D supplementation, and 4 prospective studies of initially healthy persons found no significant differences in incidence of cardiovascular disease between a calcium supplement group and control group [48] . The results of secondary analyses of the 8 randomized trials in this meta-analysis showed a slight but not statistically significant reduction in cardiovascular risk in association with moderate-to high-dose vitamin D supplementation (approximately 1000 IU/day), but not with calcium supplementation or a combination of vitamin D and calcium supplementation, in compare-son with placebo. Thus, the evidence from limited data suggests that moderate-to high-dose vitamin D supplementation reduces cardiovascular risk, whereas calcium supplementation seems to have minimal cardiovascular effects.
Possible Effects of Vitamin D on Cardiovascular Disease
The mechanism by which vitamin D protects against cardiovascular disease remain unclear. Proposed mechanisms are: 1) indirect effects on the RAAS and direct effects on the vasculature, and 2) regulation of PTH levels and calcium deposition in vascular smooth muscle cells. These possible mechanisms have been proposed in pre-clinical studies, and very little information is available from clinical trials.
Li et al. investigated the effects of vitamin D, as an anti-hypertensive agent, on blood pressure. They clearly established that VDR knock-out mice develop high blood pressure, cardiac hypertrophy, and increased activation of the RAAS, all of which can be reversed with an angiotensin-converting enzyme inhibitor [49] . They also found that renin mRNA expression in wild-type mice given injections of 1,25(OH) 2 D was suppressed [49] . Several novel vitamin D analogues have also been demonstrated to inhibit renin expression in vitro, and their discovery may lead to the development of specific cardio-selective vitamin D compounds for the treatment of hypertension that do not have calcemic effects [50] . In a follow-up study, Li and colleagues demonstrated that 1,25(OH) 2 D inhibits renin gene expression by cAMP response, a factor required for the transcription of renin mRNA [51] . These observations have yet to be translated in to randomized controlled trials of vitamin D or its analogues on hypertension and RAAS signaling.
A few in vitro and in vivo studies have evaluated the role of the direct action of vitamin D on cardiac tissue, especially in response to injury. Rahman et al. demonstrated that matrix metalloproteinases, which contribute to aberrant cardiomyocyte remodeling in response to injury and atherosclerosis, were up-regulated in VDR knockout mice [52] . VDR knock-out mice have impaired cardiac relaxation and contractility [53] and develop left ventricular hypertrophy [54] . 1,25(OH) 2 D has been shown to inhibit pro-fibrotic markers in multipotent mesenchymal cells in vitro, suggesting that vitamin D may also have a direct effect on the vasculature in response to injury [55] . A recent randomized controlled trial of vitamin D supplementation in heart failure patients demonstrated significant reductions in inflammatory cytokines involved in the pathophysiology of heart failure [56] .
Conclusions
Vitamin D insufficiency is very common in the elderly. Recent epidemiologic studies have shown a strong association between vitamin D insufficiency and increased risk of cardiovascular disease. Several prospective studies have suggested that vitamin D deficiency predisposes to increased risk of incident hypertension, ischemic heart disease, and sudden cardiac death or heart failure. No large randomized clinical trials of vitamin D or its analogues in relation to cardiovascular endpoints have been published to date.
A potential role of vitamin D in the prevention and/or treatment of cardiovascular disease is plausible biologically. Several studies have demonstrated increased surrogate markers of cardiovascular disease, including hypertension and left ventricular hypertrophy in VDR knockout mice. One of the leading hypotheses to explain the protective effect of vitamin D against cardiovascular disease is its negative regulation on the RAAS. Other possible mechanisms include effects on cardiac remodeling and the vasculature.
The results of future trials should provide guidance on how to manage vitamin D status in clinical practice. There are currently no universal guidelines in regard to screening or its vitamin D insufficiency treatment. It may be prudent to screen individuals who are at highest risk for vitamin D insufficiency among the elderly persons with cardiovascular disease, and to treat them with vitamin D to achieve a serum 25(OH)D level of 30 ng/mL. Increasing the vitamin D status of the general population with a daily supplement of at least 1000 IU of may be sufficient, especially in areas far from the equator or during the winter months.
